Lack of functional pRb results in attenuated recovery of mRNA synthesis and increased apoptosis following UV radiation in human breast cancer cells. We have previously demonstrated that a human breast cancer cell line, MDA-MB-468, which lacks the retinoblastoma protein (pRb), is particularly sensitive to low doses of ultraviolet (UV) radiation. These cells are 15 ± 20-fold more sensitive to UV radiation than cells with wild-type pRb. In order to understand the mechanisms of the high apoptotic response of MDA-MB-468 cells to UV radiation, we examined the eects of UV on these cells with regards to both membrane-mediated events and DNA damage. We found that MDA-MB-468 cells were resistant to all ligandinduced death receptor signaling. In addition, although UV activated caspase 8 in MDA-MB-468 cells, a peptide inhibitor of caspase 8 failed to inhibit UV-induced apoptosis. We then tested the possibility that nuclear events mediated the enhanced sensitivity to UV-induced apoptosis in these cells. Unlike UV-resistant cells, MDA-MB-468 cells were unable to recover mRNA synthesis after 5 J/m 2 UVC. We also found that the pRb-null DU-145 cells similarly had attenuated recovery of mRNA synthesis after UV radiation. In UV-resistant cells with wild-type pRb, the inactivation of pRb with HPV-16 E7 resulted in signi®cant inhibition in their ability to recover mRNA synthesis and increased levels of apoptosis following UV radiation. Furthermore, pRb-null cells were de®cient in repair of UV radiation-induced DNA damage. These data suggest that the sensitivity of MDA-MB-468 cells to UV radiation is due to defects in repair of DNA damage and recovery of mRNA synthesis rather than to membrane death receptor pathways. Inactivation of pRb may contribute to an increased sensitivity to UV radiation by attenuating repair of DNA lesions and recovery of mRNA synthesis following UV radiation.
Introduction
The cellular response to ultraviolet (UV) radiation constitutes an important series of events, because UV radiation induces DNA damage and apoptosis. UV radiation in¯uences both the cell membrane and the nucleus. At the cell membrane, UV radiation has been shown to activate transmembrane receptors, such as the EGF receptor as well as membrane death receptors such as Fas and TNFR (Rehemtulla et al., 1997; Sachsenmaier et al., 1994; Sheikh et al., 1998) . Death receptors are normally activated by ligand-induced clustering; however, UV radiation has been shown to induce clustering and activation of these death receptors in the absence of ligand. Activation of the membrane death receptors by ligand binding or by UV radiation leads to the formation of the death-inducing signaling complex and subsequent recruitment and activation of caspase 8. This initiator caspase activates other downstream caspases, such as caspase 3, ultimately leading to apoptosis (reviewed in Budihardjo et al., 1999; Slee et al., 1999) . Therefore, UV radiation can trigger apoptosis in cells entirely through membrane-mediated events involving activation of death receptors and caspases. Indeed, human breast cancer cells have been sensitized to UV radiation through manipulation of death receptors. MCF-7 breast cancer cells that have been transduced with Fas receptor show an increase in UV sensitivity due to an increase in Fas activation and signaling (Rehemtulla et al., 1997) . This indicates that membrane generated signals are an important part of the cellular UV response.
In the nucleus, UV radiation induces well-characterized types of DNA damage primarily in the form of 6-4 photoproducts and cyclobutane pyrimidine dimers. These bulky lesions distort the DNA double helix and, if formed in the transcribed strand of DNA, inhibit transcription. These lesions are removed through the nucleotide excision repair (NER) pathway, which includes global genomic repair (GGR) and transcription coupled repair (TCR) (reviewed in de Laat et al., 1999) . GGR removes lesions in the entire genome; whereas, TCR speci®cally repairs lesions in the transcribed strand of active genes. Defects in TCR result in clinical diseases such as Cockayne's Syndrome (CS) and Xeroderma Pigmentosa complementation group A (XP-A). CS and XP-A patients, in addition to their other clinical manifestations, exhibit hypersensitivity to UV radiation (Conforti et al., 2000) . In addition, these cells are unable to recover mRNA synthesis following UV radiation and, correspondingly, have a low threshold for UV radiation-induced apoptosis (Ljungman and Zhang, 1996) . These ®ndings illustrate the importance of DNA repair in a cell's ability to survive UV radiation, and indicate that nuclear events are an important part of the cellular UV response.
Precisely how the interactions of UV radiation on cell membranes and DNA impact UV-induced apoptosis is still unclear. Kulms et al. (1999) have shown in HeLa cells that both membrane and nuclear events contribute to the overall apoptotic response to UV radiation, with the nuclear events having a slightly larger contribution. We have previously described the extreme sensitivity of the RB-null human breast cancer cell line MDA-MB-468 cells to UV radiation, as measured both by apoptotic fraction and by clonogenicity (Carlson and Ethier, 2000) . In this report, we study the mechanisms behind the exquisite sensitivity of MDA-MB-468 cells to UV radiation, and the potential role of pRb in mediating this response.
Results
MDA-MB-468 cells are human breast cancer cells that are hypersensitive to UV radiation, with a high apoptotic fraction following low doses of UV radiation (Carlson and Ethier, 2000) . Compared to other HBC cell lines, MDA-MB-468 cells are 15 ± 20-fold more sensitive to UV radiation, as determined by assessing apoptosis and clonogenicity following UV radiation. In order to understand better the basis of their susceptibility to UV radiation, we have analysed both the membrane and nuclear aspects of UV radiation signaling, and their respective contributions to cell death in MDA-MB-468 cells. We also examined how the lack of pRb in MDA-MB-468 cells contributes to their sensitivity to UV radiation.
Response to UV radiation
In order to study signaling events following UV radiation, cytosolic fractions were isolated following UV radiation and tested in a cell free system for apoptotic potential. In this assay (described in Taneja et al., 2001) , morphology of Jurkat nuclei was used as the common apoptotic endpoint. Intact MDA-MB-468 and UV radiation-resistant SUM-102PT cells were irradiated with 10 J/m 2 UV radiation. To test for apoptotic potential, cytosols were isolated 6 h after irradiation and incubated for 4 or 8 h with naõÈ ve nuclei isolated from nonirradiated Jurkat cells. Examples of Jurkat nuclei that are viable or apoptotic are shown in Figure 1a . As shown in Figure 1b , cell-free extracts prepared from UV-irradiated MDA-MB-468 cells induced more apoptotic nuclei than UV-irradiated SUM-102PT cells. These data support our previous observation that MDA-MB-468 cells have a stronger apoptotic response after UV irradiation than SUM-102PT cells (Carlson and Ethier, 2000) . Furthermore, these data indicate MDA-MB-468 cells are capable of initiating an apoptotic signal in Jurkat nuclei by 6 h after UV radiation. We next examined whether the apoptotic response following UV-irradiation was instigated by events originating at the cell membrane or the nucleus.
Response to death receptor signaling
It has been shown that UV radiation can activate membrane death receptors and initiate a death signal (Kulms et al., 1999; Rehemtulla et al., 1997; Sheikh et al., 1998 ). Thus, it was possible that alterations in a death receptor signaling pathway in MDA-MB-468 cells may be responsible for the hypersensitivity of these cells to low doses of UV radiation. To test this hypothesis, we investigated the apoptotic response of MDA-MB-468 cells speci®cally to exogenous stimulation of these membrane death receptors. Figure 2 shows that the UV-sensitive MDA-MB-468 cells were resistant to an agonistic Fas antibody, where 100 ng/ml resulted in a maximum apoptotic fraction of 23%. In contrast, UV radiation-resistant SUM-102PT cells were very sensitive to Fas stimulation, with greater than 90% apoptosis by 24 h. Figure 2 also indicates the dierent cellular responses to two other death receptors, TNF-a and TRAIL. Again, UV radiation-sensitive MDA-MB-468 cells were not sensitive to stimulation of either of these receptors; instead, the UV radiationresistant SUM-102PT cells had a greater apoptotic response to death receptor stimulation. These data indicate that MDA-MB-468 cells are not hypersensitive to signaling by activation of death receptors, and suggest that death receptor events do not account for the increased UV sensitivity of MDA-MB-468 cells.
Activation of caspase 8 after UV radiation
Activation and signaling of the membrane death receptors such as Fas, results in the activation of caspase 8 to initiate the apoptotic pathway. UV radiation has been shown to be able to activate caspase 8 through the oligomerization and activation of the death receptors. Therefore, we analysed whether caspase 8 was activated in response to either UV radiation or an agonistic Fas antibody. Figure 3 indicates that the UV radiationsensitive MDA-MB-468 cells activated caspase 8 in response to UV radiation; whereas, SUM-102PT cells did not. In contrast, MDA-MB-468 cells did not activate caspase 8 in response to Fas antibody, while there was a strong response in SUM-102PT cells, correlating with induction of apoptosis.
Because membrane-mediated induction of apoptosis has been shown to involve caspase 8 activation, we tested whether this activation was required for the apoptotic response of MDA-MB-468 cells to UV radiation. Figure 4a ,b show the apoptotic responses of MDA-MB-468 cells and SUM-102PT cells to UV radiation or Fas antibody in the presence or absence of caspase inhibitors. As expected, inhibition of caspase 8 eectively prevented Fas-induced apoptosis in both cell lines ( Figure 4a ). However, the presence of the caspase 8 inhibitor had no eect on UV radiation-induced Figure 2 Sensitivity to UV radiation does not correlate to sensitivity to death receptor signaling. MDA-MB-468 and SUM-102PT cells were exposed to 0 or 100 ng/ml of either Fas antibody, TNF-a or TRAIL. The per cent detached cells was determined at 24 h after exposure to a ligand. Statistically signi®cant dierences of P50.005, determined using the Student's t-test by comparing exposed cells to controls, are indicated with an asterisk (*) Figure 3 Caspase 8 is activated in MDA-MB-468 cells following UV radiation. MDA-MB-468 and SUM-102PT cells were exposed to 10 J/m 2 UV radiation or 100 ng/ml Fas antibody. Levels of caspase 8 activity were assessed at 24 h after exposure. Caspase 8 activity was expressed as a fold increase over non-induced controls Figure 4 A speci®c caspase 8 inhibitor signi®cantly inhibits Fasinduced apoptosis but not UV-induced apoptosis. (a) MDA-MB-468 and SUM-102PT cells were pre-incubated with either 5 mM Z-IETD-fmk (caspase 8 inhibitor) or 25 mM Z-VAD-fmk for 2 h prior to exposure to Fas antibody at 500 ng/ml and 15 ng/ml, respectively. (b) MDA-MB-468 cells were pre-incubated with either 5 mM Z-IETD-fmk or 25 mM Z-VAD-fmk for 2 h prior to irradiation with 5 J/m 2 UV. In both panels, the per cent apoptotic cells was determined by quantitation of the number of detached cells at 24 h after treatment. Statistically signi®cant dierences of P50.005 are indicated with an asterisk (*). P values were determined using the Student's t-test by comparing levels of apoptosis after treatment plus inhibitor to values obtained after treatment alone apoptosis of MDA-MB-468 cells (Figure 4b ). In contrast, the non-speci®c caspase inhibitor, Z-VADfmk, completely inhibited both UV radiation and Fasinduced apoptosis in both cell lines. This indicates that, although caspases are activated in MDA-MB-468 cells as a consequence of UV radiation, as shown above, activation of caspase 8 is not necessary for UV radiation-induced apoptosis.
Recovery of mRNA synthesis following UV radiation
The results of the receptor experiments indicate that the membranes of MDA-MB-468 cells are capable of generating an apoptotic signal following UV radiation; however, the interactions of UV radiation on the cell membrane do not explain the extreme sensitivity of MDA-MB-468 cells to UV radiation. Therefore, we next examined whether defects in processing of UV radiation-induced DNA lesions could explain the sensitivity of MDA-MB-468 cells to UV radiation.
UV light induces bulky adducts in DNA in the form of cyclobutane pyrimidine dimers and 6-4 photoproducts. These lesions block RNA polymerase II, resulting in decreased mRNA synthesis and induction of p53 (Ljungman and Zhang, 1996; Ljungman et al., 1999) . Normal cells recover mRNA synthesis within 6 h to a level that exceeds non-irradiated cells in a process that is TCR-dependent (McKay et al., , 2000 (McKay et al., , 2001 . Cells that are de®cient for TCR, such as CS and XP-A cells, are de®cient for recovery of mRNA synthesis, and undergo apoptosis at low doses of UV radiation (Conforti et al., 2000; Ljungman and Zhang, 1996) . However, cells that are pro®cient for TCR recover mRNA synthesis more eciently, and are more resistant to UV radiation-induced apoptosis. Since MDA-MB-468 cells are hypersensitive to UV radiation, we tested the ability of these cells to recover mRNA synthesis following low doses of UV radiation. Figure 5 shows the recovery of mRNA synthesis of UV radiation-sensitive MDA-MB-468 cells compared to UV radiation-resistant SUM-102PT cells. As expected, SUM-102PT cells responded normally, with full recovery of mRNA synthesis by 6 h after irradiation with 10 J/m 2 . In contrast, MDA-MB-468 cells were severely compromised in their ability to recover mRNA synthesis after a low dose of UV radiation (5 J/m 2 ). This attenuated recovery of mRNA synthesis preceded the onset of apoptosis in MDA-MB-468 cells. At 6 h after UV radiation, MDA-MB-468 cells remained viable and attached to the tissue culture plate. Therefore, the inability of MDA-MB-468 cells to recover mRNA synthesis appears to be the cause of apoptosis, rather than a result of apoptosis. Furthermore, the attenuated recovery of mRNA synthesis suggests that MDA-MB-468 cells may be de®cient in the removal of transcriptionblocking UV-induced lesions, which could account for the high levels of apoptosis exhibited by MDA-MB-468 cells following exposure to low doses of UV radiation.
The role of RB in recovery of mRNA synthesis
As shown above, MDA-MB-468 cells had attenuated recovery of mRNA synthesis following UV radiation. Therefore, we next examined the role of pRb in the recovery of mRNA synthesis. We tested the ability of DU-145 cells, a prostate carcinoma cell line that lacks functional pRb and p53 (Bookstein et al., 1990; Carroll et al., 1993; Rubin et al., 1991; Webber et al., 1997) , to recover mRNA synthesis following UV radiation. Figure 6a shows that DU-145 cells were unable to recover mRNA synthesis within 6 h following 5 J/m 2 UV radiation. DU-145 cells were similar to MDA-MB-468 cells in their attenuated recovery, correlating with their extreme sensitivity to UV radiation (Carlson and Ethier, 2000) . To decipher whether loss of pRb expression in a p53 wild-type background would lead to attenuation of mRNA synthesis recovery and increased induction of apoptosis following UV irradiation, we expressed the human papilloma virus type 16 (HPV-16) E7 protein in SUM-102PT cells. HPV-16 E7 inactivates pRb (Band et al., 1990 (Band et al., , 1991 Boyer et al., 1996; Jones and Munger, 1996; McDougall, 1994; Schener et al., 1994) , and we have previously shown that E7 increases sensitivity of HBC cells to UV radiation (Carlson and Ethier, 2000) . The data shown in Figure 6b shows that SUM-102E7 cells had moderately but signi®cantly impaired recovery of mRNA synthesis after 10 J/m 2 UVC. These data are consistent with the previous observation that Rb-null cells are unable to recover mRNA synthesis, and suggest that pRb may play a role in the recovery of mRNA synthesis, perhaps through stimulation of DNA repair. As SUM-102E7 cells still have wild-type p53, these data indicate that the recovery of mRNA synthesis is not solely a p53-mediated process. In addition, these data strongly support our hypothesis that the UV-sensitivity of MDA-MB-468 cells is due to defects in the processing of DNA lesions, and not due to membrane-mediated eects. The role of pRb in DNA repair
As shown above, cells that lack functional pRb had impaired recovery of mRNA synthesis following UV radiation. This suggests that pRb may have a role in the processing or removal of UV radiation-induced lesions. Therefore, we tested the DNA repair capacity of pRb-null cells using a host-cell reactivation assay, in which cells are infected with a virus that is irradiated prior to infection, so that expression of the reporter gene is indicative of repair. This assay allows measurement of cellular ability to repair DNA damage in the absence of UV radiation-induced cellular signaling, as the cell itself is not exposed to UV radiation. A replication-defective adenovirus containing the lacz gene under control of the murine CMV promoter (AdCA35; Addison et al., 1997) was irradiated with 250 J/m 2 UV radiation. b-galatosidase expression was determined 24 h after irradiation and is indicated in Figure 7a relative to non-irradiated controls. Compared to MCF10A cells, an immortalized HME cell line, all HBC cell lines were impaired in their ability to repair irradiated virus. However, pRb-null MDA-MB-468 and DU-145 cells were drastically impaired in their ability to repair damaged virus, and were substantially impaired compared to pRb wild type SUM-102PT cells. This result indicates that pRb-null cells are impaired in their ability to repair UV radiation-induced lesions.
We also used a DNA slot blot assay to compare the rates of repair of UV radiation-induced lesions in MDA-MB-468 cells and SUM102PT cells. In this assay, an antibody against thymine dimers, a UV radiation-induced lesion, was used to measure the relative rates of repair between the UV radiationresistant SUM-102PT cells and the UV radiationsensitive pRb-null MDA-MB-468 cells. As shown in Figure 7b , SUM-102PT cells were able to completely remove thymine dimer lesions by 24 h after 10 J/m 2 UV radiation. However, MDA-MB-468 cells were unable to remove these lesions, with no reduction in signal visible by 24 h. We were unable to study longer time points, as a high proportion of MDA-MB-468 cells were already undergoing apoptosis by 24 h after irradiation. These results demonstrate that the UV radiation-sensitive MDA-MB-468 cells are impaired in their ability to remove pyrimidine dimers following UV radiation, and suggest that this inability to remove UV a b Figure 6 Cells de®cient in pRb have inhibited recovery of mRNA synthesis. (a) pRb-null DU-145 cells were exposed to 5 J/m 2 UV radiation. mRNA was isolated as described at 2 or 6 h after irradiation. (b) SUM-102PT and SUM-102PT E7 cells were exposed to 10 J/m 2 UV radiation. mRNA was isolated as described at 2 or 6 h after irradiation. Statistically signi®cant dierences of P50.005 are indicated with an asterisk (*). P values were determined using the Student's t-test, comparing parental cells to cells infected with E7 
Discussion
It has been shown that in certain cell types, induction of apoptosis following UV radiation can be triggered by membrane-mediated events (Rehemtulla et al., 1997) while in other cell types, apoptosis is triggered by DNA lesions speci®cally in the transcribed strand of active genes (Ljungman and Zhang, 1996) . In this study, we investigated whether the extreme UV-sensitivity of the breast cancer cell line MDA-MB-468 could be attributed to membrane or DNA damage-mediated events. We found that in MDA-MB-468 cells, and other pRb de®cient cells, UV-induced apoptosis was due to attenuated recovery of mRNA synthesis and defects in DNA repair.
Although MDA-MB-468 cells are capable of initiating the apoptotic signal, as shown using cell fractionation assays, the apoptotic signal does not appear to be primarily the result of membrane-mediated events. Even though UV has been shown to be capable of activating membrane death receptors (Kulms et al., 1999; Rehemtulla et al., 1997; Sheikh et al., 1998) , we did not ®nd a correlation between UV sensitivity and sensitivity to death receptor signaling. However, it is possible that UV radiation is signaling through another, as yet undetermined, death receptor. As UV radiation has been shown to activate many dierent types of membrane receptors, including EGFR and the known death receptors, it is possible that UV radiation is able to activate other receptors, including novel death receptors.
All known membrane death receptors stimulate the apoptotic cascade through activation of caspase 8; however, an inhibitor of caspase 8 did not modulate the apoptotic response of MDA-MB-468 cells to UV radiation. Since the caspase 8 inhibitor was capable of inhibiting Fas-induced apoptotic response of both MDA-MB-468 cells and SUM-102PT cells, we conclude that caspase 8 is not critical for UV-induced apoptosis of MDA-MB-468 cells. This has also been observed by Kulms et al. (1999) who demonstrated using HeLa cells that inhibition of caspase 8 completely blocks apoptosis induced by Fas, but not UV radiation. In our experiment, caspase 8 was activated in MDA-MB-468 cells following UV radiation, even though this activation did not appear to be an important contribution to the UV response. Previous studies have shown that caspase 8 can be activated independently of receptor signaling (Assefa et al., 2000; Belka et al., 1999a,b; Ferrari et al., 1998; Wesselborg et al., 1999) . Caspase 8 has also been placed downstream of mitochondrial damage, indicating that caspase 8 may have a role as an eector caspase in addition to its known role as an initiator caspase (Belka et al., 2000) . It is possible that, in MDA-MB-468 cells, caspase 8 is being activated as a consequence of apoptosis, but not as the initiator of apoptosis.
Taken together, these data indicate that extreme sensitivity of MDA-MB-468 cells to UV radiationinduced apoptosis cannot be explained by alterations in membrane signaling after UV radiation. Therefore, we also examined the nuclear eects of UV radiation. We found that the UV-sensitive MDA-MB-468 and DU-145 cells showed attenuated recovery of mRNA synthesis following UV radiation. In this regard, these cells are similar to CS and XP-A cells, which are both de®cient in recovery of mRNA synthesis and are also hypersensitive to UV radiation-induced apoptosis (Conforti et al., 2000; Ljungman and Zhang, 1996; McKay et al., 1998) . The attenuated ability of the CS and XP-A cells to recover mRNA synthesis is due to defects in the removal of transcription-blocking lesions. That MDA-MB-468 and DU-145 cells were also de®cient in the recovery of mRNA synthesis indicates that these cells may have a defect in DNA repair of UV radiationinduced lesions, leading to hypersensitivity to UV radiation.
Because MDA-MB-468 and DU-145 cells showed attenuated recovery of mRNA synthesis following UV radiation, we examined whether this could be attributed to the absence of functional pRb. In addition to lacking pRb, the two UV radiationsensitive cell lines, MDA-MB-468 and DU-145, also express mutant p53. It has previously been shown that p53 plays a role in the recovery of mRNA synthesis, where p53-null cells are unable to recover mRNA synthesis, and correspondingly, have an increased sensitivity to UV-induced apoptosis . In order to determine whether pRb may also play a role in recovery of mRNA synthesis and UV radiation-induced apoptosis, we used the human papilloma virus type 16 (HPV-16) E7 protein, which is known to bind to and inactivate pRb (Band et al., 1990 (Band et al., , 1991 Boyer et al., 1996; Jones and Munger, 1996; McDougall, 1994; Schener et al., 1994) . Although E7 has been shown to cause an increase in p53 levels, the p53 protein is still functional, retaining transactivation ability (Seavey et al., 1999) . In our lab, we have previously shown that a UV radiation-resistant cell line, SUM-102PT, has a higher apoptotic fraction in response to UV after infection with E7 (Carlson and Ethier, 2000) . In this study, we showed that E7 can inhibit the ability of SUM-102PT cells to recover mRNA synthesis following UV radiation. Therefore, an increase in apoptosis following UV radiation directly correlates with an inhibition in recovery of mRNA synthesis and both are in¯uenced by pRb. This points to a potential role for pRb in recovery of mRNA synthesis, which may contribute to the role of pRb as a protector against apoptosis.
Finally, we have shown that pRb-null cells are de®cient in their ability to repair UV radiation-induced DNA damage. Both MDA-MB-468 cells and DU-145 cells were de®cient in their ability to reactivate an irradiated reporter plasmid. Strikingly, MDA-MB-468 cells had no detectable decrease in levels of pyrimidine dimers following UV radiation. Taken together, our data are consistent with a model in which pRb is involved in the repair of UV radiation-induced lesions. Lack of pRb results in unresolved lesions that prevent recovery of mRNA synthesis. The stalled mRNA synthesis then acts as a trigger for apoptosis. Thus, pRb-null cells are hypersensitive to UV radiation, undergoing apoptosis at low doses.
Although a role for pRb in DNA repair is just beginning to be elucidated, pRb has already been implicated in GGR (Therrien et al., 1999) , although that remains controversial (Zhu et al., 2000) . Interestingly, pRb has been shown to associate with the DNA repair element Rec2, a protein important for homologous recombination and recombinatorial repair. Rec2 is involved in UV radiation-induced apoptosis and also binds to the hypophosphorylated form of pRb (Fan et al., 1997; Havre et al., 1998) . Furthermore, pRb can inhibit Rec2-induced apoptosis (Fan et al., 1997) . This directly links pRb, DNA repair and UV radiationinduced apoptosis. pRb family members have been shown to co-localize with chromatin assembly factor-1 (CAF-1) (Kennedy et al., 2000) , a protein important in NER of UV-induced lesions (Game and Kaufman, 1999; Martini et al., 1998) . Indeed, in yeast, CAF-1 mutants are hypersensitive to UV radiation (Game and Kaufman, 1999) . The importance of the co-localization is still unknown. In addition, pRb has been shown to localize to sites of DNA synthesis in early S phase (Kennedy et al., 2000) , although traditionally, pRb is known to be a transcriptional repressor. These novel associations and binding partners for pRb point to a possible role for pRb in DNA synthesis and repair, and would constitute entirely new pathways for pRb outside of its well known role as a cell cycle regulator.
In summary, our data indicate that HBC cells hypersensitive to UV radiation are impaired in both repair of DNA damage and recovery of mRNA synthesis following UV radiation. We hypothesize that loss of pRb may play a role in the increased UV sensitivity of these cells by its potential role in DNA repair and/or recovery of mRNA synthesis following UV radiation.
Materials and methods

Cell culture
The MDA-MB-468 cell line is a breast cancer cell line derived from a pleural eusion, and obtained from the American Type Culture Collection (ATCC). MDA-MB-468 cells are maintained in Dulbecco's modi®ed Eagle's medium (DMEM) with 10% fetal bovine serum (FBS). The human breast cancer (HBC) cell line SUM-102PT (Sartor et al., 1997) , is maintained in serum-free conditions in Ham's F-12, with 1 mg/ml bovine serum albumin (BSA), 5 mg/ml insulin, 2 mg/ ml hydrocortisone, 10 ng/ml EGF, 5 mM ethanolamine, 10 mM (N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid]) (HEPES), 5 mg/ml transferrin, 10 nM triiodothyronine and 50 nM sodium selenate. The DU-145 cell line is a prostate cancer cell line derived from a metastasis to the brain, and obtained from ATCC. DU-145 cells are maintained in RPMI 1640 with 10% fetal bovine serum (FBS). All media were supplemented with 5 mg/ml gentamicin and 2.5 mg/ml fungizone.
Induction of apoptosis
Ultraviolet irradiations were done with a UVC light source, with a wavelength of 254 nm. The¯uence rate was assessed with a UV radiometer (model UVX, Ultraviolet Products, San Gabriel, CA, USA). Medium was removed prior to UV irradiations, and fresh medium replaced immediately afterward. Control plates were mock irradiated. Per cent apoptotic indicates the per cent of cells that were¯oating in the medium, as described below.
Cells were exposed to either Fas antibody (MBL clone CH-11), TNF-a or TRAIL ligand at 100 ng/ml. Cells were counted at 24 h post-exposure. Per cent apoptotic indicates the percentage of cells that were¯oating in the media. Error bars indicate the range of three separate samples.
Floating cell assay
The number of cells¯oating in the media was used to quantitate the levels of apoptosis. To count the number of detached cells, the media were removed and kept in a centrifuge tube. The plates were rinsed with 2 ml of media, and the wash added to the centrifuge tube. The suspension was centrifuged at 1000 r.p.m. for 5 min. The media were aspirated, and the pellet was resuspended in 10 ml counting solution (0.9% NaCl and 0.5% formalin). Both detached cells and cells attached to the plate were counted. Per cent apoptotic cells was calculated by determining the number of detached cells divided by the total number of cells. Con®rmation that the detached cells consist of an apoptotic population was done previously through TUNEL staining and¯ow cytometry as described in Carlson and Ethier (2000) .
Preparation of the cytosolic extracts
Untreated and treated cells were trypsinized, collected and centrifuged at 200 g for 5 min at 48C after irradiation at various time points. The cells were washed twice with ice-cold phosphate buered saline. The pellet was suspended in 1 ml of ice-cold hypotonic buer (20 mM PIPES, pH 7.4, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol and protease inhibitor cocktail (BMB, Germany) containing 250 mM sucrose). The cells were homogenized with a dounce homogenizer. After centrifugation at 400 g for 5 min, the supernatants were further centrifuged at 100 000 g at 48C for 30 min. The resulting supernatant was used as a soluble cytosolic fraction (S-100).
In vitro apoptosis assay
Nuclei isolated from Jurkat cells (as described in Taneja et al., 2001) were incubated with cytosolic extracts and membranes (either treated or untreated) and mitochondria in a reaction buer (10 mM HEPES, pH 7.0, 40 mM bglycerophosphate, 50 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, 1 mM DTT, 2 mM ATP, 10 mM creatine phosphate, 50 mg/ml creatine kinase) at 378C. At regular intervals, 10 ml aliquots were stained with 10 mg/ml nuclear stain 4', 6-diamino-2-phenylindole (DAPI, Molecular Probe) in 200 mM sucrose, 5 mM MgCl 2 , 15 mM PIPES (pH 7.4), 80 mM KCl 15 mM NaCl, 5 mM EDTA and 3.7% (v/v) formaldehyde. Nuclei were observed with a¯uorescent microscope for any changes in nuclear morphology. One to two-hundred nuclei were counted from each sample at each time point.
Caspase 8 activation
Levels of caspase 8 activity were assessed using a caspase 8 colorimetric protease assay kit (Chemicon, Temecula, CA, USA). Cells were collected and lysed 24 h after 10 J/m 2 UV radiation. Lysates were incubated with IETD-rNA substrate (200 mM ®nal concentration) and analysed with a microtiter plate reader. Higher color intensity indicates a higher activity of caspase 8. Fold increase in activity was determined by comparing irradiated samples to non-irradiated controls.
Caspase inhibition
Cells were pre-incubated with either 5 mM z-IETD-fmk (a speci®c caspase 8 inhibitor) (Bio Vision, Palo Alto, CA, USA) or 25 mM z-VAD-fmk (a non-speci®c caspase inhibitor) (BioRad, Hercules, CA, USA) for 2 h prior to exposure to apoptotic stimulus. Cells were counted at 24 h after treatment. Per cent apoptotic indicates the per cent of cells that were¯oating in the medium.
Recovery of mRNA synthesis
Cells were labeled with 185 Bq/ml [ 14 C]thymidine for 2 days prior to UV irradiation. Following incubation of various times, nascent RNA was pulse-labeled in 0.5 ml media containing 7.4610 5 Bq (20 mCi) of [ 3 H]uridine for 30 min at 378C. Poly(A) + mRNA was isolated from cell lysates using the Straight A's mRNA isolation system (Novagen, Madison, WI, USA) and [ 3 H] activity was counted in a scintillation counter. Levels of mRNA were normalized to DNA content and expressed as relative to non-irradiated samples.
Host cell reactivation
A replication defective adenovirus containing the lacz gene under control of the murine CMV promoter (AdCA35) (Addison et al., 1997) (obtained from Frank Graham, McMaster University, Ontario; used with permission) was used to assess DNA repair. Brie¯y, normal or HBC cells were plated in 96-well microtiter plates at a density of 2610 4 cells/ well, 24 h prior to treatment. AdCA35 virus was irradiated with 0 or 250 J/m 2 UV, or a lethal dose of 410 kJ/m 2 UV to determine background b-gal activity. Infection proceeded for 1.5 h at 378C before removal of viral suspension. Infected cells were harvested 48 h after infection. Cells were incubated for 20 min at 378C with 250 mM Tris (pH 7.8), 1 mM PMSF, 0.5% NP40, followed by 10 min in 100 mM sodium phosphate, 10 mM KCl, 1 mM MgSO 4 50 mM 2-mercaptoethanol. OD 405 was determined at several times following addition of O-nitrophenol b-D-galactopyranoside (0.4% ONPG).
DNA slot blot assay
Cells were irradiated with 10 J/m 2 UV radiation. Genomic DNA was isolated using the QIAamp DNA blood mini kit (Qiagen, Valencia, CA, USA). At various times following UV radiation, 400 ng DNA was blotted onto a nylon membrane using a DNA slot blot apparatus (BioRad, Hercules, CA, USA). The membrane was incubated at 708C for 2 h, blocked with 5% BSA in Tris-buered saline with 0.1% Tween-20 (TTBS) for 1 h and then incubated with anti-thymine dimer antibody (Kamiya, Seattle, WA, USA, clone KTM53, at 5 mg/ml) in TTBS for 30 min. The blot was incubated with biotinylated secondary antibody (anti-mouse IgG) in TTBS for 30 min, and processed with Vectastain ABC reagents.
